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ABSTRACT

Context. The problem of intelligent data analysis for assessing the stability of operators’ functioning as a component of safety
management is considered.The object of the study was to verify estimates of the complexity and chaotic nature of physiological
processes based on nonlinear dynamics methods.

Objective. The goal of work is intelligent data analysis for assessing the stability of the functioning of a dynamic system based
on the methods of non-linear dynamics.

Method. Data intelligence to obtain additional useful information to avoid wrong decisions when deciding on the current state of
the operator to be able to perform professional duties. Quantitative assessment of the complexity of physiological dynamics to
determine the stability of feedback control processes of body subsystems and their constant adaptation to changes in environmental
conditions. The presence of significant nonlinearities in the biomedical signals of the body is associated with the appearance of a
chaotic component that describes the chaotic nature of the body’s processes. Due to the fact that biomedical signals have both a
periodic and a chaotic component, the study of the latter makes it possible to determine the informational component of the nature of
the internal organization of the organism and provide information about the possible destabilization of the functional state of the
operator. The use of nonlinear dynamics methods to study changes in the operator’s body and provide additional independent
prognostic information complementing traditional data analysis in the time and frequency domains. Several indices obtained by the
methods of nonlinear dynamics are proposed, which contribute to the expansion of the diagnostic solution based on the available
data.

Results. The results of the study can be used during the construction of mathematical methods of non-linear dynamics to describe
empirical data of this kind.

Conclusions. Experimental studies have suggested recommending the use of non-linear methods dynamics as an an additional
independent component that allows analyzing the chaotic component of biomedical signals to avoid wrong decisions during
professional selection and assessment of the current state of aviation industry operators as one of the causes of adverse events in
aviation. Prospects for further research may include the creation of a methodology based on nonlinear dynamics methods that will
allow to increase the reliability of predicting a malfunction of the cardiovascular system as an indicator of a change in the balance of
the functional state of the operator based on additional informative parameters, which can be used to assess triggers that may cause
an adverse event in aviation, as well as an experimental study of the proposed mathematical approaches for a wide range of diagnos-
tic problems.

KEYWORDS: methods of non-linear dynamics, entropy, MATLAB, RR-interval, operator, Hausdorff dimension, highest
Lyapunov exponent, attractor.

ABBREVIATIONS Q is the Poincare mapping;
ApEn is an Approximate Entropy; ¥ is a global secant the flow F |;
ECG is an Electrocardiograms; E is a secant surface that the cycle intersects at the
EEG is an Electroencephalograms; point p;
HRYV is a Heart rate variability; U is a neighborhood of a compact subset A;
LF is a Low Frequency; A is a compact subset of the phase space M;
NLD is a Nonlinear dynamics; N(d) is a number of cells of size 6 covering the curve;
SampEn is a Sample Entropy; A is a highest Lyapunov exponent;
SD is a Standard Deviation; Hp is a Hausdorff dimension;
SRM is a Safety risk management; 4(1) is a distance between two states of the system;
SRP is a Safety risk portfolio. X(t) is a time series;
X is a realization of all observations;
NOMENCLATURE X(i) is an all readings of X realization;
v is a vector function of given smoothness r; € is a near trajectories;
M is phase space of system; T is a time interval after the start of the comparison;
R" is an area of some set; S(t) is a steepness of the curve on the linear section
F'(x) is a smooth function defined for values t; which determines the Lyapunov exponent A;
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R is an absolute range function;

Bh(1) is a fractal Gaussian function;

S is a positive constant;

ty, t, are counts at time points 1 and 2;
&(t) is an existing time series;

(&(t)) is an average value.

INTRODUCTION

The results of the analysis of the flight safety risk
portfolio (Safety risk portfolio — (SRP)), for the period
from 2016 to 2020, and the results of statistical and
analytical processing of flight safety data using the web
portal https://rmd.avia.gov.ua/ determine the connection
between heart diseases as flight safety problems and key
areas of risk in aviation and demonstrate their contrbution
to the occurrence relevant (potential) dangerous
consequences in aviation. In addition, the analysis of the
current functional state based on the biomedical signals of
the heart (electrocardiogram, heart rate, heart rate
variability) allows to make a decision regarding the
stability of the balance of the entire body of the aviation
operator and, as a result, to determine the probability of
erroneous decisions in the professional field. That is, to
determine the accompanying factors that can cause
aviation events. Therefore, extracting reliable information
about the state of the cardiovascular system as an
indicator of stability (homeostasis) of the operator’s entire
body is an urgent task for the intellectual analysis of
biomedical data.

The object of study is the process of analysis of
heart rate variability (HRV) by methods of non-linear
dynamics to improve the reliability of the assessment of
the nature of the activity of all systems of the body.

The analysis of complex HRV signals leads to the
need to quantify the complexity of physiological dynam-
ics using various indicators that take into account nonlin-
earity, time irreversibility, fractality and long-term corre-
lations.

The subject of study is the process of evaluation of
additional information indicators, what is taken by meth-
ods of non-linear dynamics that can be used to predict
changes in the functional state of the operator as one of
the triggers of an adverse event in the safety risk man-
agement (SRM) of aviation.

For this reason, the main task of the study is the
analysis of stability, the study of the role of invariant
manifolds, the analysis of the geometric structure of
trajectories of attractors, the search for invariant
measures, and the calculation of invariant characteristics.
Although this approach does not make it possible to
represent the solution in an explicit form, it allows us to
qualitatively describe many important features of the
cardiovascular system as an indicator of the dynamism of
the whole organism, including randomness.

Due to the variability, unpredictability and instability
of the object from which the information indicators are
obtained, there are many factors influencing the reliability
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decision-making about the functional state of the
operator’s body and can lead to incorrect conclusions and
false extrapolations. This is due to the fact that such
information indicators have structural features and
therefore cannot be adequately described by standard m-
ethods, because different subsystems of the body as
control loops operate in a complex relationship with
feedback for constant adaptation of the entire system to
changing external influences. The subject of the study is
the process analysis HRV by methods non-linear
dynamics with non-standard approaches to the data
quantification of empirical data.

Intelligent data analysis involves obtaining reliable in-
formation about a complex system with stochastic influ-
ence. Such a complex system is the organism of the op-
erator, which is under the influence of external destabiliz-
ing factors when performing his professional duties. Em-
pirical data obtained from a biological object, on the basis
of which such an analysis can be carried out, possible
presented using time series [1].

Such a presentation allows, in addition to quantitative
values of medical and biological parameters, to obtain addi-
tional information about dynamic changes in the state of
the system at different time intervals. Moreover, the time
during which these empirical data were obtained also has
an informational component. Most medical and biological
parameters such as ECG, electromyograms, HRV, EEG
characterize both linear physiological processes and have a
component that describes certain non-linear processes in
the body as the body’s reaction to external destabilizing
influences. While the linear component of the system, with
a certain reliability, is described by classic methods of in-
tellectual analysis, nonlinear processes in the body are de-
scribed and investigated insufficiently [1, 2].

The purpose of the work is to increase the hang the
reliability of the use of mathematical methods to describe
the functional state change of the operator using transfor-
mation information indicator in decision-making system.

1 PROBLEM STATEMENT

At present, to study the properties of complex
systems, including in experimental studies, the approach
is widely used, based on the analysis of the signals
generated by the system. This is especially relevant in
cases where it is practically impossible to describe the
process under study mathematically, but researchers have
at their disposal is some characteristic observable
quantity. Analysis of this approach constitutes the content
of this article.

Therefore, in the presented work, as an example, the
formalization of the theory of chaotic dynamic systems
for the analysis of the stability of the functional state of a
biological object is presented.

Since the time of A. Poincaré, it has become clear that
when studying complex behavior, the usual approach such
as analytical calculations of individual trajectories of
differential equations does not work. For this reason, the
main task of the theory is the study of stability, the study
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of the role of invariant manifolds, the analysis of the
geometric trajectory structures, search for invariant
measures, calculation of invariant characteristics, etc.
Although this approach does not make it possible to
represent the solution in an explicit form, it allows us to
qualitatively describe many important features of
dynamical systems, including randomness. If there is a set
of ordinary differential equations:

X=v(x,a),

where X(t) = {X1,X2 ,...,Xn} — set of dynamic variables, t
is time, V = {V; ,V, ,...,Vy} is a vector function of given
smoothness r (that is, of class C") defined in some domain
McR", v: M — R", a is some parameter (or their combi-

nation) and M is phase space of system (1).

The function v generates a flow F' : M — R", where
F'(x) is a smooth function defined for values t from the
interval T c R, such that forallx eMandt € T:

d ¢ _  t
EF tzr_U(F X)) -

The flow F'is sometimes called a shift transformation
because it takes the system from the state it was in at the
initial time to the state at any other time. It is easy to un-
derstand that F° with s=—t has an inverse function of the
same smoothness C', i.e. the system is time reversible.

Geometrically, the system of equations (1) can be in-
terpreted as a vector field that associates each point xe M
with the vector v. Then the solution x(t) = F' (x(0)) is a
certain curve, which at every point is tangent to this vec-
tor field. If the initial state X(0) = Xo€ D is given system
(1), then F'(x)):T —R" defines the phase trajectory or
phase curve of the original differential equation (1). In
some cases, the flow F' admits a global secant Q, i.e. a
hypersurface of dimension n—1, which the phase trajecto-
ries intersect transversally. Then the study of the behavior
of the original system can be reduced to the analysis of
the mapping Q:¥—"¥, which is the Poincare mapping.

When analyzing dynamical systems, it is also neces-
sary to take into account limit cycles-closed phase trajec-
tories corresponding to the periodic behavior of the sys-
tem. If y = x(t) is a limit cycle and E is a secant surface
that the cycle intersects at the point p. The attractor as a
compact subset A of the phase space M satisfies the fol-
lowing conditions: A is invariant with respect to the flow
of the dynamical system; there is a neighborhood U that
shrinks to A under the action of the flow. If we choose
some neighborhood U c E of this point and consider the
first return of the trajectory that left the point g€ U close
to p. Then we can define the Poincaré map Q: U—E that
sends the point q to the point ' = ¢(q) on the surface E.

The main property of dissipative systems is the com-
pression of the phase volume: over time, according to the
dynamic equation, the initial volume occupied by the
cloud of phase points decreases. Formally, this is ex-
pressed as the inequality div v < 0. In this case, as t — oo,
all phase trajectories will converge to some subset A — M
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of zero (in phase space) volume, which is an attractor of a
dynamical system and makes it possible to estimate the
stability of its behavior. That is, for a given selection X, it
is necessary to construct an attractor of a dynamic system
and, simultaneously with the analysis of a cloud of phase
points, obtain quantitative characteristics using methods
of nonlinear dynamics to confirm the conclusions about
the stability of the system.

2 REVIEW OF THE LITERATURE

The nonlinear phenomenon is one of the reasons for
the variability of medical and biological parameters, the
HRYV in particular [3]. If the studies of the twentieth cen-
tury were devoted to the description of a biological sys-
tem as a linear one for which a pathological process can
be determined with a certain reliability due to comparison
with the generally accepted norm — the approach of nor-
mology [4, 5]. Thus, employees of the Kyiv Research
Institute of Medical Problems of Physical Culture and
Sports of the Ministry of Health of Ukraine (1968-1986)
worked fruitfully in the direction of studying the state of
the body of a practically healthy person, forming a scien-
tific school that is actively working today [6, 7].

At the beginning of the twenty-first century, more and
more studies prove the need to study the nonlinear
component of biological processes [8, 9] to obtain, firstly,
additional information about the transformation of
biological processes due to reverse biological connections,
to ensure the balance of functioning of the organism [10].
Secondly, they provide information about a sufficient
number of internal resources to ensure physiological bal-
ance under the influence of destabilizing factors [11, 12].
Thirdly, it is a valuable tool for analyzing the medical and
biological indicators of population groups that have al-
ready undergone professional selection and their medical
and biological parameters are within the normal range, but
professional destabilizing factors can deplete the resources
available in the body, and for their effective use, non-
standard approaches to assessment are required the level of
regulation of the stability of the organism’s functioning,
taking into account their chaotic nature [13, 14].

In the paper, processing by methods of non-linear dy-
namics (NLD) of HRV, presented in the form of time
series, is proposed to obtain visualization of chaotic proc-
esses in the body and carry out calculations of the main
indicators: estimation of Hausdorff dimension, Hurst’s
exponent, highest Lyapunov’s exponent, sample entropy
and approximate entropy. To present the results used
Poincaré maps, graphs of the attractor on a small number
measurements, singular schedule and trajectories of at-
tractors. Conducting a comparative analysis of the ob-
tained results allows for the development of a complex
approach for intelligent data analysis, which can be used
to analyze the stability of adaptation processes in the body
of operators, the aviation industry, in particular, as one of
the triggers for the occurrence of a dangerous event in
aviation.

OPEN a#CCESS @ @ @

63



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpasmainss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

3 MATERIALS AND METHODS

As the analysis of literary sources proves, the analysis
of nonlinear biological processes in the body is based on
the presentation of empirical data in the n-dimensional
space of states. Each of the states characterizes a change
in the stability of functioning and the return of its work to
a stable state due to biological feedback that characterizes
the homeostasis of the organism. The axes in this space
are variable states, the description of which changes over
time is represented by electrical potentials: electrocardio-
grams, heart rate variability, electroencephalograms, etc.

The non-stationarity, non-linearity and complexity of
the behavior of such data present difficulties in their for-
malization. Representation of such data as time series
allows to evaluate the components of destabilizing factors
affecting the stability of the functioning of the biological
system. The difficulty in analyzing such time series is that
they are traditionally considered as data of a stationary
dynamic system, which may have irregular behavior due
to its non-linearity. But physiological processes in the
body must be considered as non-stationary processes,
which necessitates the use of nonlinear dynamics methods
for their analysis.

With such an approach, it is advisable to process the
biological signal, HRV, in particular, on the basis of time
series and divide them into time intervals during which
the biological object is in stationary conditions. When
using the methods of nonlinear dynamics to process time
series, not their representation in the time domain is ana-
lyzed, but their vector representation in the phase space.
The use of nonlinear dynamics methods allows obtaining
additional useful information about the dynamics of bio-
logical parameters, which describes the physiological
variability of biological processes and allows us to draw a
conclusion about the stability of the functioning of this
system.

This can be done thanks to the understanding of the
complexity of the functioning of the organism, which is
associated with the interaction of different subsystems of
the organism as separate control circuits that function in a
single complex system [15]. Such complexity of the
body’s structure allows it to be adapted to physiological
needs and requirements under the influence of external
destabilizing factors [16]. The more complex the phase
portrait of the time series, the greater the probability that
it may be related to the organism’s own variability and its
constant adaptation to external factors.

Such complexity of the body’s structure allows it to be
adapted to physiological needs and requirements under
the influence of external destabilizing factors [16]. The
more complex the phase portrait of the time series, the
greater the probability that it may be related to the organ-
ism’s own variability and its constant adaptation to exter-
nal factors [1].

This circumstance leads to the need for a quantitative
assessment of the complexity of the dynamics of physio-
logical processes in the body. Such an assessment can be
performed using nonlinear dynamics methods using the
quantitative assessment of the highest Lyapunov expo-
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nent, Hurst exponent, approximate and sample entropy. In
connection with the fact that the cardiovascular system
performs not only the functions of blood supply to the
entire body, and serves as a generally accepted indicator
of the stability of the functioning of the entire body, the
indicators of which evaluate its adaptive capabilities.
Therefore, time series of heart rate variability were cho-
sen in the paper to assess the stability of the body’s func-
tioning. These series characterize the duration of RR-
intervals in ms. Moreover, these time series were obtained
from study participants who do not have clinical symp-
toms of diseases of the cardiovascular system, which
made it possible to use them as a control group for deter-
mining the dynamics of chaotic pulsation.

In order to study the spectral nonlinear characteristics
of the biomedical signal in the interpolation RR =interpl
(time, RR, time, ‘spline). That made it possible to project
this signal (HRV) onto a uniform time grid with cubic
spline interpolation. To study the finite set of HRV points,
an attractor was built, which in the phase space allows
you to study the phase trajectory of the signal. In the
work, a so-called “strange” attractor with a complex geo-
metric structure with a fractal structure was built [17].

To determine the dimension of the “strange” attractor,
the Hausdorff dimension estimate was introduced in the
work, which determines the dimension of subsets in the
metric space:

_ i IN(N(3))
o= I a(s) -

In order to obtain quantitative characteristics of chaotic
pulsation by methods of nonlinear dynamics, the highest
Lyapunov exponent is calculated in the work, which de-
termines the divergence of two initially close trajectories.
To estimate the degree of chaoticity according to the high-
est Lyapunov exponent, it is necessary to consider two
states of the biological system measured at the initial mo-
ment of time, and this distance changes over time. If the
initial distance is:

X1(0) = X, (0)| =8¢ <<1.
The change in distance over time t will be equal to:
8(t) =[X; () - X, (1)

The highest Lyapunov exponent is related to distance
d(1), by the following dependence:

8(t) = 5gexp(At).

Due to the fact that the biological object has chaotic
behavior, the highest Lyapunov exponent is A > 0.

At the same time, the degree of chaoticity of a biologi-
cal system can be determined by the highest Lyapunov
exponent according to the following principle: the larger
the value of A, the higher the chaoticity, lower values of A
characterize a certain determinism in the movement of
such a system and this can be associated with complex
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adaptive transformations in the organism. At the same
time, the tendency of the Lyapunov exponent to zero
means strict determinism.

While the tendency of A to O characterizes the reduc-
tion of chaos in the biological system and the strict defini-
tion of the initial conditions of the functioning of the bio-
logical object and the definition of the state of the system.
Using analytical methods, determining all Lyapunov ex-
ponents is quite a difficult task, which is connected with
finding a complex analytical solution of a system of dif-
ferential equations. Therefore, in the work, the authors
used a fairly reliable numerical algorithm for estimating
the highest Lyapunov exponent based on one implementa-
tion of the tracked process based on the speed A of the dis-
tance change between two trajectories over time. Fixation
of one reading of the time series X(t) from the realization
of all observations X in which all readings of this realiza-
tion x(i) for which the following condition is fulfilled:

[x(®)—x(D)| <&,

is the beginnings of e-near trajectories. Moreover, such
readings are considered the beginnings of given trajecto-
ries, and the original and neighboring trajectories are
formed by sequential recording of readings, starting with t
and i, respectively.

In this case, the distance between adjacent trajectories
can be defined as:

dist(x(t), x(i),7) =|x(t + 1) = x(i + )| -

But this distance has fluctuations, therefore the dis-
tance is averaged over all e-near trajectories and over all
counts X(t) of the studied time series. To obtain a stable
estimate of the highest Lyapunov exponent, after averag-
ing, S is found, which is equal to:

1N .
S(r):WZIn WZ dist(x(t), x(i);7) |- (1)
i=1 i=1

Lyapunov exponent characterizes the chaotic pulsation
of the studied signal as the degree of exponential diver-
gence of two initially close trajectories.

To quantitatively assess the degree of long-term stabil-
ity of processes in a biomedical signal, the authors used
the Hurst index He [0,1] to generalize the random func-
tion to the case of the fractal Gaussian function By(t):

(ABy ) =(By (1)~ By (t)))=0.

It follows from equation (1) that the variance of incre-
ments S(t-tp) can be written in the form:

S(t-t) = ([Bn (- By (to)]) = o[t 1o -
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If then By(t) has a Gaussian distribution:
P(AByt < 1) =
1 T 1 t
-

- exp( -
\’27[0@2 —tl)H ;[0 2 G(tZ _tl)H

To analyse the parameters of the cardiovascular sys-
tem, the Hurst method is used [18]. For the existing time
series &(t), the average value (é’;(t)) on the time interval t,

2

)2)dt.

which has the same dimension as time t, is calculated:
1 T
(&), ==Y &).
Ti=1

The next stage: calculation of the dependence of the
accumulated deviation X(t,7) on the time interval (t);

X(t,1)= ZT) {é(U) —<§(t)>r}~
u=l

According to the accumulated deviation, the absolute
range function R is calculated:

R(t) = max X (t,7) —max X (t,7).

I<t<t I<t<t

The range depends on the length of the interval and
can increase with its increase. The Hurst method is also
referred to as the R/S method because it determines the
dependence of the dimensionless function R/S on the
length of the time interval T and is calculated by the stan-
dard deviation S of the series &(t):

2

s(t) = \/l ZT‘, {@(U) - <§(t)>r} :

Tu=1

There is an empirical relationship between the normal-
ized swing R/S and the length of the interval t through the
Hurst exponent according to the classical normalized
swing method H:

H can take on values from 0 to 1.

When H > 0.5, the time series has a tendency to in-
crease or decrease, and this is both the predicted trend and
the one that was in the past. But H < 0.5 characterizes the
tendency of the series to change the trend, that is, an in-
crease can change with a decrease, and a decrease with an
increase, respectively.

The last stage is the evaluation of the sample entropy
and approximate entropy. Approximate Entropy/Sample
Entropy (ApEn) is a simple measure of the overall com-
plexity and predictability of time series. ApEn quantifies
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the probability that time series patterns that are close will
remain similar for subsequent incremental comparisons.
High values of ApEn indicate high irregularity and com-
plexity of the time series data. For healthy people, ApEn
values range from about 1.0 to 1.2, for patients after a
heart attack, ApEn values are about 1.2 [18]. The im-
proved sample entropy method (SampEn) improves on
ApEn and quantifies the conditional probability that two
sequences of m-consecutive data points that are similar to
each other (within a given tolerance r) will remain similar
if one consecutive point is included [19].

The specified approach allows synthesizing the process
of HRV processing by methods of nonlinear dynamics for
evaluating the dynamics of information parameter trans-
formation processes.

In the work, calculations of all the described stages
were carried out in the MATLAB environment, which
allows obtaining quantitative indicators for evaluating
heart rate variability according to the following stages:
Hausdorff variability, Lyapunov and Hurst indicators, ap-
proximation and sample entropy.

The described approach provides an improved assess-
ment of time series and should be a useful tool in studies
of the dynamics of the functioning of the cardiovascular
system, and due to the comprehensive assessment of sev-
eral parameters of nonlinear dynamics, they contribute to
advanced decision-making regarding the stability of the
functioning of the entire organism.

4 EXPERIMENTS

In the work, HRV time series were processed from the
database of biomedical signals from the website Phisyo-
net.org [20]. The time series contained in this database is
compiled from long-term time series of healthy volunteers.
Holter recordings of participants without clinical symp-
toms of the disease who did not take medication were used
to form this database. In the data of the study participants,
the ECG was normal according to the criteria: the mini-
mum nighttime rate is more than 60 beats per minute;
night pauses — less than 3 seconds; ventricular extrasys-
toles — less than 100 in 24 hours, without bursts or poly-
morphism; supraventricular extrasystoles - less than 100 in
24 hours, without connections; lack of blocks or conduc-
tion disturbances. Biological signals were obtained using
Holter monitoring by specialized recorders within 24
hours. The recorder data had a reading sampling frequency
of 512 and 1024 Hz and a recording sampling frequency of
128 Hz. Signal analyses was performed using Galix and
CardioScan software. Time series with artefacts over 8%
were not included in the database, and those with arte-
facts longer than 20 s can be used as a control group to
determine the stability of the functioning of the cardio-
vascular system.
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5 RESULTS
To increase the accuracy of biomedical signal process-
ing, it is necessary to remove possible artefacts of various
natures. In the work, RR intervals whose duration exceeds
the average value by more than two or three standard de-
viations are considered artefacts. Using the software code
in the work, biological signals were cleaned of artefacts. A
study of the dependence of the number of removed arte-
facts on the input parameters of the filter was conducted,

the results are presented in Table 1.

Table 1 — Number of removed artifacts for some files
Files Parametr of The standard Number of

name window, k deviation artefacts, N(a)
threshold, ns

503
453
471
207
142
112
618
468
419
447
239
175

RR002

RRO003

N n[WwWRln|w QW a|wn|w
(S OS] ROV | (SR | [O ) § 1S KUSY (OS] [OV] | \OF | O ) | O]

To visualize the process of removing artifacts, Fig. 1
and Fig. 2 show signals R002 and R003 from the database
from the website Phisyonet.org and signal data artifacts
Examples of the resulting graphs are shown in Fig. 1 and
Fig. 2.

RR002, nRR = 32768

RR, sec

0 0.5 1 1.5 2 25
ime, sec <10t

Figure 1 — Graphs of the RR002 signal and its artifacts

In the work, there were “strange” attractors for signals
that are being used. Today, a “strange” attractor has ac-
quired a collective meaning, using which the chaotic na-
ture of the system under study is emphasized.
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Figure 2 — Graphs of the RR003 signal and its artifacts
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According to Takens’ theorem [21], the main proper-
ties of the attractor will be the same as those of the object
under study, and its characteristics can be determined
based on the similarity. Graphs of attractors of the studied
HRYV signals are shown in Fig. 3 and Fig. 4.

RR002, nRR = 32768

0.6 ~

04

0.2 4

d?(RR)/dt?
{=1

-0.2

-0.4

0.6
0.4 -

0 1

d(RR)/dt 0.2 0.5 RR, sec

Figure 3 — Attractor of the signal RR002

A strange attractor, unlike a regular attractor, is not a
curve or a surface, its geometric structure is very complex,
and its structure is fractal. Such attractors are endowed
with geometric (scale) invariance. The criteria of a
“strange” attractor are trajectory instability in the form of
exponential divergence from the attraction zone and
fractional dimension. The analysis of the HRV attractor
type is an analysis of integral processes based on interac-
tions between individual HRV components or between
these components and related characteristics in other or-
gans and systems, occurring as a self-adaptation phenome-
non. Three-dimensional histograms of pairs of successive
intervals of RR signals were constructed in the MATLAB
environment. The results of the obtained histograms in the
three-dimensional coordinate space are shown in Fig. 5
and Fig. 6.
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RR002, nRR = 32768

1000

Figure 6 — The three-dimensional histograms RR002. signal

Poincaré maps (graphs) allow you to evaluate the dy-
namics of the heartbeat based on a simplified embedding
of the phase space. Poincaré plot analysis is a quantitative
visual technique that classifies the shape of the diagram
into functional classes and provides detailed, beat-by-beat
information about the heart’s behavior. Usually, Poincaré
graphs are used for two-dimensional graphic and quantita-
tive representation (scatter diagrams), where the values
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RR(n) and RR(n+1) are plotted along the axes. Most of-
ten, three indices are calculated from Poincaré plots: the
standard deviation of the short-term variability of the RR
interval (small axis of the cloud, SD1), the standard de-
viation of the long-term variability of the RR interval (the
large axis of the cloud, SD2) and the ratio of the axes
(SD1/SD2). For a healthy heart, the Poincaré plot shows a
cigar-shaped cloud of points oriented along the line of
identity.

These indices are correlated with linear indices. An
increased ratio of SD1/SD2 is the most powerful indicator
of a disturbance in the stability of the cardiovascular sys-
tem. Poincaré graphs for the studied HRV signals are
shown in the Fig. 7 and Fig. 8.
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Figure 7 — A Poincaré plot for RR003signal
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6 DISCUSSION

As can be seen from Fig. 1 and Fig. 2, real empirical
data obtained from biological objects with stochastic in-
fluence are difficult to represent and process only by clas-
sical standard methods.

Thus, a linear, stationary, time-invariant component
can be described using classical frequency and time
methods. But non-stationary and non-linear processes that
are characteristic of biological systems contain additional
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information about the chaotic nature and dynamics of
changes in the states of this system, requiring the use of
non-standard approaches, methods of non-linear dynam-
ics, in particular.

This gave impetus to the search for non-standard ap-
proaches to the processing of such empirical data as heart
rate variability, which contain information both about the
state of the cardiovascular system and about the stability
of the functioning of the entire organism.

The importance of reliable processing of empirical
data obtained from real biological data is related to the
content in these values of an important component that
can serve as an indicator of a violation of the functional
state of a biological object and plays an important role in
forming a decision about the state of the operator as a
possible trigger in aviation safety management. Because
according to the flight safety risk portfolio, report for the
period from 2016 to 2020, of the web portal
https://rmd.avia.gov.ua/ cardiovascular diseases are iden-
tified as one of the triggers of aviation safety violations.
Therefore, the use of nonlinear dynamics methods to ob-
tain additional useful information for assessing the nature
of the chaotic nature of processes in the body allows for a
visual assessment of the stability of the functioning of the
entire system of the operator’s body, as a biological sys-
tem with the stochastic influence of professional destabi-
lizing factors.

Thus, due to the fact that the complex chaotic nature
of biological processes describes the constant mechanisms
of adaptation of the system to external factors, the RR 002
signal has a visually greater chaoticity than the processes
in Fig. 4 and Fig. 5, which can be a sign of healthy adap-
tation, which is confirmed by the quantitative calculations
in Table 2.

Table 2 — The results of the calculation of the main

indicators
. Highest
Signal Hausdorff Hurst
file dimension Lyapunov index ApEn Sakn
exponent
RR002 1.9693 7.6865¢-05 |0.02608 |1.075 | 0.83034
RR003 1.9727 0.0012 0.21964 10.909 | 0.68035

The three-dimensional histogram of the studied sig-
nals of pairs of consecutive RR intervals in Fig. 6 also
confirms the presence of a greater number of chaotic pul-
sations in the RR 002 signal.

To construct a scatter plot of the RR 002 variable rela-
tive to its delay, Poincaré graphs were used to eliminate
the limitation of three-dimensional histograms, which
consists in the absence of information about the correla-
tion between data points.

The inclusion of the relative frequency of pairs of con-
secutive data points in the standard Poincaré graph allows
you to build a two-dimensional histogram with RR(n),
RR(n+1), having received information about the density
of data points (Fig. 7 and Fig. 8 light (yellow) color).

From Fig. 4, it can be seen that the extreme right point
is longer by 0.6 s than the nth interval, while the error of
determining the RR interval is 8 ms, which may indicate a
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significant imbalance of the body at this moment in time.
The same phenomenon can be determined on the Poincaré
map of Fig. 7-8, where you can see a significant scatter of
individual points at the origin of the coordinates. While
for the RR002 signal, there is the presence of repetition of
intervals of such a duration that can serve as evidence of
the “normality” of such outbreaks for a given organism
and serves as evidence of the “normality” of such a situa-
tion and a sufficient number of adaptation resources to
return to stable functioning, as well as a description of
daily variability.

CONCLUSIONS
A component of a comprehensive approach with a
defined level of human safety is a timely and reliable as-
sessment of its functional state [22]. The application of
human security contributes to a comprehensive response
to the multidimensional causes and consequences of the
impact of professional destabilizing factors [23].

The scientific novelty of obtained is the fact that for
the first time a combination of traditional methods of
measurement and processing of biomedical signals in
combination with alternative methods for forecasting and
diagnosis of biomedical data of individuals, which can be
used as a control sample, capable of effectively supple-
menting the specified methods due to the use of modern
methods of signal processing in the time and frequency
domains.

The article proposes the use of nonlinear dynamics
methods for the analysis of heart rate variability, which
allowed a new understanding of heart rate changes in
various physiological states, including in the presence of
external factors.

The practical significance of obtained results is that
the use of the proposed approach provides additional
prognostic information and complements the traditional
analysis of heart rate variability, since it is the change in
the dynamics of heart rate variability that has prognostic
value regarding the progression of the impairment of the
stability of the functional state of the operator.

Prospects for further research are to study the pro-
posed set of indicators for a broad class of practical prob-
lems and use for diagnosis and forecasting in aviation
medical.
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IHTEJEKTYAJBHUI AHAJII3 EMIIIPTYHUX JAHIUX HA OCHOBI YACOBHX PSI/IIB

IBanens O. b. — KaH/. TeXH. HAYK, JOICHT, JOIEHT KaQeapu eICKTPOHIKH, POOOTOTEXHIKH, TEXHOJOT1i MOHITOPHHTY Ta [HTEp-
HeTy peueit HanionaneHoro aBianiitHoro yHiBepcurery, Kui, Ykpaina.

XpameBcbkmii P. B. — xp texu. Hayk, npodecop, npodecop xadeapu aepoaunHamiku Ta Oesneku nonbotiB HarionansHoro
aBiawiiiHoro yHiBepcutery, Kui, Ykpaina.

Kymuk M. C. — 1-p TexH. HayK, mpodecop, JeKaH aepOKOCMIYHOT0 (akynpTeTy HarioHansHOTO aBiariifHoro yHiBepcutety, Ku-
iB, YKpaiHa.

Bypuuenxo M. FO. — kauz. TexH. HayK, JOIEHT, JIOLEHT Kadeapyu 610KiOepHEeTHKH Ta aepoKocMivHOI MeaunuHy HarionansHoro
aBiamiifHoro yHiBepcutery, Kni, Ykpaina.

AHOTAIIA

AKTyalbHicTh. PO3risiHyTO pobieMy iHTEIeKTYalbHOTO aHaIli3y JaHUX Ul OLIHKHK CTAaOLIbHOCTI (yHKI[IOHYBaHHs OIepaTo-
piB sIK CKJIa70BOI ympasiinHs Oe3rnekoro B aBiauii. JIoCimikeHHsT IPHUCBsIUCHE aHAI3y CKJIAJHOCTI Ta XaOTHYHOCTI (i3iomoriyamx
MPOIIECiB HA OCHOBI METOJIB HemNiHiiHOI nuHaMiku. O0’€KTOM JOCTIKEHHS € MPOLEeC aHami3y BapiaOeIbHOCTI CEpIEBOTO PUTMY
METOJaMH HeIiHIHHOI JUHAMIK.

Meta podoTn — 0OpoGIeHHsT 610OMEIMYHNX CUTHANIB JUIS OI[IHIOBaHHS XaOTHYHOCTI MPOIECIB i3 BUKOPUCTaHHSIM HEINHIHHHX
MeTofiB. Pe3ynbTaTt 1OCIIKEHHS MOXKYTh OyTH BUKOPHCTaHI ITiJ] 4ac 00y JOBM MaTeMaTHYHUX METOAIB HETiHIIHOI ANHAMIKH 11
OIUCY eMIIPUYHHX JaHHX TaKoro poxy. ExcrepyuMeHTanbHi TOCHIIKEHHS HAJAI0Th 3MOTY PEKOMEHyBaTH BUKOPUCTAHHS METOJIIB
HeJNiHIHHOT TUHAMIKH B SKOCTi J0JAaTKOBOI He3aJeXHOI iH(popMarii, 0 J03BOJIIE MPOaHai3yBaTH XaOTUUHY CKJIAJIOBY Oiomeand-
HHUX CHUTHAJIB JUI YHUKHEHHS XUOHMX pillieHb npu npodeciiHoMy BiOopi Ta OLiHIOBaHHI OTOYHOTO CTaHy OIepaTopiB aBialiiHOT
raiysi siK OZHy 3 IPMYUH HECHIPUATIMBUX IOJiH B aBiaii.

IlepcnexTrBamMy MOJANBIINX AOCIIIKEHD MOXKE OYTH CTBOPEHHS METOAOJIOTIT Ha OCHOBI METO/IiB HENIHIHHOI JTMHAMIKH, SKa 103-
BOJIUTH IBUIIUTHA JOCTOBIPHICTh MPOTHO3YBAaHHA IUC(YHKINI CEpIeBO-CyIUHHOI CHUCTEMH, SK iHIUKATopa 3MiHH pPiBHOBaru
(YHKIIOHAIBHOTO CTAHy OIlepaTopa Ha OCHOBI JIOAATKOBHUX 1H(OPMATUBHUX ITAPaMETPIB, IO MOXKYTh OyTH BUKOPHUCTAHI ISl OLIHKH
TpUTepiB HECIIPHUATIMBUX MOAIN B aBiallii, a TAKOXK €KCIIepUMEHTAIbHE JOCIIJDKESHHS 3alIpOIIOHOBAaHUX MaTEMAaTHYHUX IIXO/IB JUIs
LIMPOKOTO KOJIa NiarHOCTUYHUX 3a/1ad.

Meton. [IpoBeaeHo aHaii3 GioMeIUYHUX AaHUX I OTPUMAHHS JOAaTKOBOT KOPUCHOT iH(opMallii MpH OILIHIOBAHHS XaOTHYHUX
MPOLIECiB AJIs BU3HAUEHHs cTabinbHOCTI PyHKI[IOHYBaHHs 610JI0T1YHOI CHCTEMH NPH MPUIHATTI PillICHHs PO MOTOYHHI CTaH orepa-
Topa. [IpoBeneHa KibKiCHA OLIHKA CKIAJHOCTI (hi310I0TI9HOT JUHAMIKY A1 BU3SHAYEHHS CTIHKOCTI MPOLIECIB YIPABIIHHS MiACHCTE-
MaMH OpraHi3My Ta iX MOCTiifHOI ajanTarii 70 3MiH 30BHIIIHBOTO cepenoBuina. HasBHICTh 3HAYHUX HENMiHIHHOCTEH Y Ol0METUIHIX
CHIHalIaX IOB’s3aHa 3 MOSBOIO JMHAMIYHOI CKJIA/IOBOI, SKa OIHMCYE XAOTUYHUI XapakTep HPOLECiB OpraHizmy. 3aBIsSKd TOMY, IO
OioMenMYHI CHTHAIM MAOTh SK IIEPIOJUYHY, TaK 1 XAaOTHYHY CKJIAJOBY, BUBUCHHS OCTAaHHBOI Ja€ 3MOTY BH3HAUUTH iH(pOpManiiiHy
CKJIQJIOBY XapakTepy BHYTPIIIHBOI OpraHizamii opraHisamy Ta HajaTu iHGOpMaIio PO MOXKIMBY JecTabiizanito (GyHKIIOHAIEHOTO
CTaHy onepartopa. BukopucTaHHs1 METOAIB HEiHIITHOT IMHAMIKY JUIsi BUBYEHHS 3MiH B OpraHi3Mi onepaTopa Ta HaJaHHs J0JaTKOBOT
HE3aJIe)KHOI MPOrHOCTHYHOT iH(OpMallii TOMOBHIOE TPaAUIIIHHUN aHaJi3 AaHUX Y YacOBil Ta 4acTOTHIiH 00JacTsX. 3arporOHOBaHO
JCKIJIbKa MIOKAa3HUKIB, OTPUMAHUX METOAAMH HENIHIHHOT TUHAMIKH, 10 CIIPHUSIOTh PO3LUIMPEHHIO TiarHOCTHYHOTO PIillICHHS HA OCHOBI
EMITIpIYHUX JTaHHX.

PesyabTaTn. Pesynpratu mociimkeHHs MOKYTh OyTH BUKOPHCTaHI Mif] 4ac MOOYIOBH MaTeMaTHYHUX MOJENEH IS OTHUCY eMITi-
PUYHHX TaHHUX TaKOTO POAY.

BucHoBKH. 3aCcTOCYBaHHS 3alIPOIIOHOBAHOTO MiIXOy HAJa€ NOAATKOBY IPOTHOCTUYHY iH(OPMALil0 Ta JOMOBHIOE TPAIMIIHHIN
aHaui3 BapiabeJIbHOCTI CEPLIEBOr0 PUTMY, OCKIIBKH caMe 3MiHa TMHAMIKK BapiaOeIbHOCTI CEpLEBOro PUTMY Mae NPOrHOCTHYHE 3HA-
YeHHs 1010 MPOrPeCyBaHHs MOPYLICHHs cTabilibHOCTI QYHKIIIOHYBaHHS CTaHy orepaTopa. 3MiHU B JUHaMIlli BapiabenbHOCTI cep-
LIEBOT'O PUTMY MAIOTh MPOTHOCTHYHE 3HAUCHHS 11010 IPOTpecyBaHHs 0i0M0riyHOr0 nucOanaHcy Ha OCHOBI aHaNi3y (pyHKIIIOHYBaHHS
cepreBo-cynuHHOI cucteMu. [Ipu 3acTocyBaHHI 10 OKpeMoi Gi0NOTiYHOI CHCTEMH MPOTSITOM MEBHOTO MEPIOAy Yacy i MOKa3HUKH
MOXYTb OyTH JIarHOCTUYHO KOPHCHHUMH, MU(EPEHIIIOI0UH TIPOTpecyBaHHs (yHKIIOHAIBHOI HecTabinpHOCTI. KpiM Toro, BoHH MoO-
XKyTb OyTH L[IHHIM JIOTIOBHEHHSIM JI0 CyYacHHUX CHCTEM MOHITOPHHTY JIOJCEKOro (akTopy. [lepcriekTnBaMu moJaibmumX JOCTiIKEHb
MO)ke OyTH CTBOPEHHSI METOJOJIOTT i3 MOETHAHHAM BUKOPUCTAHHS KJIACHYHHUX METOJIB aHaJi3y JaHHUX 3 JIOJATKOBUM BHKOPHCTAH-
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HSIM METOJIiB HENiHIMHOI JMHAMIKY JUIS MiITBEPPKCHHS aJJeKBaTHOCTI PUHHATTS PillleHHs PO MOTOYHHUHI CTaH omepaTopa 3a iHpo-
PMaTHBHUMH [TApaMETPaMH, a TAKOX EKCIICPUMEHTAIbHE BUBUCHHS 3alPOIMOHOBAHUX MATEMATHYHHX IIAXOIIB JUIS IIHPOKOTO KOJa
MIPAKTUYHUX 33734 Pi3HOTO XapaKTepy Ta PO3MipHOCTI.
KJIFTOYOBI CJIOBA: meroau HeniHilfHOT quHamiky, kapti [lyaHkape, aTTpakrop, crapiunii nokasuuk JlsmyHoBa, BubipkoBa
SHTPOIIisl, BapiabeIbHOCTI CEPLEBOr0 PUTMY, CTaOUIbHICTD (yHKIIOHYBaHHSI, OLEPATOP.
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